Abstract Chronic diseases arising from obesity will continue to escalate over coming decades. Current approaches to combating obesity include lifestyle measures, surgical interventions and drugs that target weight reduction or the metabolic consequences of obesity.
Introduction
Chronic diseases arising from obesity will continue to escalate over coming decades. The cost will be measured not only on a personal and population health level, but also on a global economic scale. Currently,~8% of the global population are obese and~25% are overweight, figures that are expected to rise an additional~50% within 10 years. Further, in developed regions (e.g. North America, Western Europe, Australia) obesity prevalence already approaches 25% [1] . In the UK, current estimates suggest that the population and gross domestic product will rise by 5% and 2.5-fold, respectively, by 2050, whereas costs associated with obesity-related disease will rise by >15-fold [1] . Regular exercise is well recognised for its health promoting effects and a better understanding of the molecular mechanisms causing these beneficial effects is an excellent basis for identifying new therapeutic targets to combat metabolic and vascular disease.
The concept that regular exercise training is essential for maintaining optimal health and preventing metabolic disease is not new. Ancient Greek physicians, most notably through the teachings of Hippocrates, proposed that a lack of physical exertion was one of the primary causes of obesity [2] . More recently, in the early 20th Century, one of the forefathers of diabetes research, Elliot P. Joslin, similarly proposed that along with controlled diet and insulin therapy, regular exercise was a cornerstone of diabetes management [3] . Over the past 30 to 40 years, definitive studies using approaches ranging from epidemiological to interventional and molecular have proven, as reviewed [4] , that regular exercise is effective in preventing and delaying metabolic disease and its complications.
The term 'exercise training' is somewhat generic and requires clarification. Different forms of exercise elicit specific biochemical responses, but can generally be categorised as aerobic/endurance or resistance/strength training. Both of these, when performed moderately and regularly, are beneficial for multiple disease states. While the ability to pharmacologically enhance muscular strength is a worthwhile pursuit for many disease states, including metabolic diseases such as type 2 diabetes, the recent quest for 'exercise mimetic' drugs for the treatment of obesity-related metabolic disease has primarily focussed on endurance exercise capacity concomitant with enhancement of energy expenditure and metabolic homeostasis. Since pharmaceutical targets primarily revolve around enhancement of endurance characteristics, for the purposes of this review we use the terms 'exercise' and 'exercise-mimetics' only with respect to endurance-based exercise training.
Currently available therapies for the treatment of obesity and related metabolic disorders A number of therapeutic options are currently available for the treatment of obesity and metabolic dysregulation. While these provide variable degrees of benefit, currently none are free of disadvantages (see text box). Lifestyle modifications including diet and exercise are effective; however, sustained benefits are difficult to achieve due to problems in maintaining behavioural change. Pharmacological and/or surgical approaches are available to combat obesity for patients who fail to respond to lifestyle measures. There has been a recent rise in bariatric procedures to reduce the capacity for food intake and/or divert sections of the gastrointestinal tract, as reviewed comprehensively [5, 6] . These procedures are highly effective at reducing body mass, improving insulin sensitivity and other aspects of the metabolic syndrome [5, 6] . Improvements in metabolic homeostasis also occur independently of body mass reduction [7] , and given that conventional lifestyle measures are associated with poor compliance, surgical interventions are the most effective treatment currently available for morbid obesity [8, 9] . Furthermore, surgery is considered a cost-effective measure in relation to the long-term healthcare costs of type 2 diabetes and its complications [8, 10] . However, on a population scale, where in certain western countries overweight and obesity prevalence currently stand at 60% and 25%, respectively, surgery alone is not a viable approach [11] .
Current pharmacological approaches to obesity are limited. Orlistat, a gastrointestinal lipase inhibitor, sibutramine, a monamine-reuptake inhibitor and rimonabant, the first of the endocannabinoid receptor antagonists result in weight losses of up to 5 kg [11] . However, all are associated with unwanted side effects and none have resulted in sustained effective weight loss. The central melanocortin pathway, involved in regulating food intake, has also shown potential as an anti-obesity target, but substantial clinical development is still required [11] . While insulin secretagogues show promise for the management of glycaemia in the short term and better tolerated compounds have been recently identified, this class of drug neither significantly stems the deterioration in peripheral insulin sensitivity nor prevents loss of beta cell function [12] . Insulin sensitisers such as thiazolidinediones and metformin, which are used to treat the metabolic complications of obesity, are useful adjunct treatments for type 2 diabetes, but are neither free of side effects nor considered as effective as lifestyle modifications or surgical techniques for controlling metabolic disease [9, [13] [14] [15] [16] [17] . The extensive side effects (outlined in the text box) resulting from currently available pharmacotherapies are an important factor with respect to chronic treatment and therefore their ability to sustain long-term benefit. Further, most treatments available today are not without some level of interdependence on others for prolonged success, thereby accumulating additional unwanted side effects. In light of the lack of successful weight-loss treatments and the public health implications of the obesity pandemic, the development of safe and effective drugs is a major priority.
The elucidation of metabolic pathways responsive to exercise in various tissues, most particularly skeletal muscle, was an important antecedent to the promising concept of exercise mimetic drugs. From an obesity perspective, a pivotal aim would be development of an agent that improves energy expenditure while concomitantly reducing body fat and improving metabolic homeostasis.
Why target exercise-linked signalling?
An active lifestyle has well-documented health benefits. Aside from orthopaedic complications that are directly attributable to both volume of physical activity and body mass, and a small proportion of individuals whose insulin sensitivity or aerobic capacity do not improve as a result of aerobic training, exercise has virtually no disadvantages [18] . While the best-known effects of regular exercise are body weight control or, more simply, expenditure of energy, it is not necessary for overweight individuals to decrease body or adipose tissue mass to improve metabolic homeostasis [7, 19] . Accordingly, regular exercise results in adaptations including: (1) increased skeletal muscle oxidative capacity; (2) alterations in intracellular proteins and lipids involved in cellular signalling; and (3) cardiovascular adaptations that result in improved muscle and whole body insulin sensitivity, fuel partitioning and cardiovascular function. All of the above lead to prevention of metabolic disease [20, 21] .
Evolutionarily humans have been programmed to minimise energy expenditure and in the developed world this trait has resulted in a largely sedentary population. In combination with an energy-rich environment, the consequence has been an escalation in obesity and chronic disease. Despite government and community initiatives to increase physical activity, participation and compliance rates are low, particularly once obesity and chronic disease are established [22, 23] . The poor adherence rate stems from more than just an evolutionary drive to remain sedentary; there are additional modern-day concerns such as socioeconomic status, ethnicity, age, sex, physical frailty and other sociological issues. These issues highlight the need for alternative approaches to reduce obesity and its consequences, while maintaining a focus on the molecular targets linked to the beneficial effects of exercise.
Potential exercise-related targets
Acute exercise training modulates the actions, in skeletal muscle, of enzymes, transcription factors, transporters and chaperones thought to control the long-term adaptive responses to chronic training and include: 5′AMP-activated protein kinase (AMPK) (recently reviewed in [24] ), p38-mitogen-activated protein kinase (MAPK) [25] , heat shock proteins [26, 27] , peroxisome proliferator-activated receptor (PPAR)-γ coactivator-1α (PGC-1α) [28, 29] , nuclear factor κB [30] , GLUT4 [31] , fatty acid translocase/CD36 [32] , calcium/calmodulindependent protein kinase (CAMK) II [33, 34] , certain protein kinase C isoforms [35, 36] , c-Jun N-terminal kinase [25] and myokines (e.g. IL-6) [37] (Fig. 1) . In general, these adaptive processes have been associated with health benefits. Importantly, for some of these factors, e.g. AMPK [38] [39] [40] [41] , heat shock protein 72 [42] , GLUT4 [31] , PGC-1α [43] , protein kinase C-λ [35, 44] and calcium signalling [45] , transgenic, knockout and/or pharmacological activation studies in experimental animals have implied that manipulation of the relevant pathways in a pattern mimicking exercise may result in beneficial metabolic responses. In some examples, interestingly, the opposite is true: mouse lines in which signalling through c-Jun N-terminal kinase [46] and nuclear factor κB [47] modified clearly indicated that a reduction in activity improved insulin resistance, in contrast to the majority of data available, which, as reviewed [48] , suggest that acute exercise activates these pathways. It is likely that such discordance arises from the nature of the exercise stimulus, which transiently activates these factors followed by rapid post-exercise inactivation. This contrasts with mouse transgenic models and chronic inflammatory states, which result in sustained effects and thus do not accurately model the episodic nature of exercise. This highlights an important consideration with respect to mimicking the effects of exercise, namely that, in some instances, the level of activity of factors during rest periods in the trained state should be mimicked, rather than the activity of these same factors during an acute exercise bout. This highlights the complexity of metabolic homeostasis and the need for comprehensive characterisation of exercise signalling pathways and their manipulation.
Of the factors listed above, those that are activated by exercise, such as AMPK, heat shock proteins, PGC-1α, calcium-associated signalling and certain MAPKs, are the most logical targets for pharmacological modulation to mimic the biochemical response/s to exercise. A second category includes those that are known to increase exercise capacity when overexpressed in muscle, or are activated pharmacologically or knocked-out, but are not necessarily known to be highly modulated by acute exercise training itself. The most prominent of this group are phosphoenolpyruvate carboxykinase (PEPCK)-C [49] , silent information regulator of transcription (SIRT)1 [50] , PPARδ [51] and steroid receptor co-factor 3 [52]. Of particular additional interest is the fact that the studies cited for this group all observed a reduction of high-fat diet-induced obesity during the given interventions. The role of PEPCK-C in skeletal muscle function is rather obscure [49] , while its role in regulation of hepatic gluconeogenesis suggests that pharmacological targeting as an exercise mimetic may be fraught with difficulty. However, activation of SIRT1 and PPARδ, as well as knockout of the gene encoding steroid receptor co-factor 3 were shown to target a broad spectrum of metabolic regulatory enzymes and genes, including certain 'exercise' factors listed above. From a pharmacological perspective, such effects could be considered non-specific, but if targeted appropriately may mimic multiple aspects of the exercise response.
Current candidate targets
A number of approaches have been used recently to modulate the activity of certain molecules linked to exercise-related signalling processes. Promising results have been shown with respect to their ability to improve both exercise capacity and metabolic health. These target molecules are discussed below.
PPARδ PPARδ is present in rodent and human skeletal muscle, and clear roles in muscle fatty acid and glucose oxidation, as well as oxidative gene expression have been demonstrated [30, 53] . Ppard overexpression prevents obesity [54] , while skeletal muscle-specific overexpression causes a transition towards increased type 1 AMPK AMPK is central to regulation of cellular metabolism and is activated when the energy charge of the cell is low, e.g. during energy deprivation and exercise [61] . Much research suggests some role of AMPK in regulation of exercise metabolism, including modulation of fibre type shift, gene expression and adaptation to training in either whole body or musclespecific Ampkα2 (also known as Prkaa2) knockout mice [24] . However, it is only recently that AMPK activation has been studied in vivo with respect to exercise performance. A well-described activator of AMPK, 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR; also known as Z-riboside or AICA riboside), was studied in direct comparison with GW1516 with respect to endurance capacity in mice [55] . After 4 weeks of AICAR therapy, exercise capacity was significantly enhanced in the absence of exercise training. This study also provided evidence to suggest interaction between the AMPK and PPARδ pathways. This, along with our recent work demonstrating (1) 
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[55] have validated the long-held belief that chronic AMPK activation can mimic some of the endurance-enhancing effects of exercise training and, importantly, that it is possible to pharmacologically enhance endurance and muscle oxidative capacity without the need for a simultaneous training programme. Importantly, while a previous study demonstrated that chronic AICAR treatment of obese rats did not reduce bodyweight and obesity, AICAR treatment was associated with increased skeletal muscle insulin-sensitivity and prevention of obesity-related complications, further validating its efficacy [64] . AMPK may be activated by endogenous nutrient signals. Indeed, since AMPK is traditionally described as a kinase activated by nutrient stress, this should come as no surprise. However, it is of interest that elevated concentrations of certain fatty acids can activate AMPK in vitro [65] . Furthermore, chronically elevated circulating fatty acids result in skeletal muscle mitochondrial biogenesis in rodents [66] . Whether manipulation of such signals, either endogenously or via exogenous means, is beneficial for energy expenditure and metabolic health is not known. This is of particular interest given that chronically elevated plasma fatty acid concentrations are known to be detrimental to metabolic homeostasis. Thus transient manipulation of certain fatty acids in the circulation may prove promising for improving tissue oxidative capacity and metabolic homeostasis.
Clinically, AICAR has proven efficacy when given intravenously to improve ischaemic reperfusion injury associated with coronary artery bypass graft surgery in Phase III clinical trials (acadesine) [67] . Further, an acute (2 h) intravenous infusion of AICAR in patients with type 2 diabetes resulted in favourable modulation of plasma glucose and NEFA concentrations, although neither all of the tissue-specific mechanisms, nor the AMPK-dependence of these effects could be elucidated [68] . Moreover, poor oral bioavailability limits application to acute intravenous indications. AMPK-activating agents with high oral bioavailability could have uses in treatment of impaired glucose tolerance, insulin resistance and types 1 and 2 diabetes. Indeed, metformin mediates at least part of its glucose-lowering actions through activation of AMPK [69] . A medicinal chemistry approach is therefore warranted, with a view to developing suitable compounds for preclinical trials of this potential application.
SIRT1
The naturally derived polyphenolic compound resveratrol, found most commonly in the skin of certain grape varieties, has for some time been known for its cardio-protective effects in mammals and life-extending properties in lower organisms [70] . Recently the deacetylase enzyme Sir2 and its mammalian homologue SIRT1 were identified as putative primary targets for resveratrol. In addition, resveratrol also activates AMPK in cell culture systems, although not via direct interaction [71] . Lagouge et al. [50] demonstrated that resveratrol treatment for 3 months enhanced exercise capacity, but also protected mice from obesity. The mechanisms involve deacetylation (activation) of PGC-1α, a key transcriptional coactivator integral to mitochondrial production [72] and a target of AMPK [73] . Considering that SIRT1 alters activity, either positively or negatively, via acetylation and that AMPK is not known to be regulated by acetylation, the mechanism by which resveratrol activates AMPK was until recently unclear. Lan et al. [74] have demonstrated that SIRT1 is able to activate the serine/threonine kinase LKB1, the best described upstream activating kinase of AMPK [75] , therefore establishing strong molecular links between SIRT1, AMPK, PGC-1α and PPARδ (Fig. 2) . Interestingly with respect to this signalling cascade, the novel polyphenolic compound SRT1720 was identified as a more potent SIRT1 activator than resveratrol and also shown to prevent obesity [76, 77] and increase endurance capacity [76] in a manner that appeared to be less dependent, but not entirely independent of AMPK. This implies that SRT1720 exhibits greater SIRT1 specificity via actions directed at deacetylation of important substrates such as PGC-1α, forkhead box O1 and p53, but that the indirect activation of AMPK may be necessary for the full complement of beneficial effects [76] . SIRT1-activating compounds target multiple tissues [50, [76] [77] [78] , raising the possibility that such agents have the potential to mimic multiple beneficial aspects of the training response rather than inducing a muscle-specific target. Little is known with respect to translation of SIRT1 function to human skeletal muscle, although restricted energy intake is known to increase muscle levels SIRT1 mRNA [79] . Novel SIRT1 activators have been developed [76, 77] , with substantially greater potency than resveratrol; these can protect mice from diet-induced obesity and insulin insensitivity, and are among the most promising candidates for clinical application.
PGC-1α
The potential for activation of PGC-1α as a molecular target for metabolic diseases has been highlighted above, since it is integral in co-ordinating downstream signals for at least some of the beneficial effects of the factors previously described. In addition, PGC-1α is present in human skeletal muscle, is highly inducible by exercise training [80, 81] and polymorphisms of the gene encoding it have been identified, which independently [82] and in conjunction with a PPARD polymorphism [57, 83] correlate with insulin resistance, obesity and adaptability to training interventions. The concept that skeletal muscle PGC-1α might be a potential pharmaceutical target based on knowledge of its modulation by exercise has been reviewed previously [84] .
Key aspects, candidate targets On the basis of evidence available, it is apparent that with respect to pharmacological enhancement of skeletal muscle endurance exercise capacity, activation of AMPK provides a broader spectrum target than PPARδ due to its upstream position in this signalling cascade. This applies even more so to SIRT1 in relation to AMPK, and it is clear that these signals are linearly linked. With this in mind, it could be argued that exercise mimetics should target regulatory molecules at the proximal end of signalling cascades so as to target multiple pathways eliciting the broad array of benefits associated with training. This is in contrast to conventional pharmacological approaches, which generally aim for specificity to reduce unwanted effects. The challenge for exercise mimetics will be replication of the subtleties of the exercise stimulus, including its periodic nature, in order to activate the desired pathways.
Other candidates Numerous manipulations of metabolic regulatory genes in mice, a list far too broad for the scope of this review, have demonstrated protection from diet-induced obesity through increased energy expenditure, analogous to increasing skeletal muscle content of PEPCK-C and PPARδ. Conceivably the mechanism/s of action could involve exerciserelated signalling pathways, although most of these mouse models have not been assessed with regard to effects on endurance capacity. Caffeine has been used for many years in sport as a performance enhancer, but most commonly as an acute stimulant. Evidence also persists for an acute ergogenic affect on muscle substrate metabolism; however this remains controversial [85] . Nevertheless caffeine activates diverse signalling pathways associated with adaptation to endurance exercise in cultured skeletal muscle. For example, caffeine increases calcium release from the sarcoplasmic reticulum [86] and also activates AMPK [87] and p38-MAPK [88] when administered in high, supra-physiological doses (>3 mmol/l). While it is freely consumed by athletes as well as the community at large in doses that can result in circulating concentrations~100-fold lower than those seen in cell culture studies [85] , there is no in vivo evidence regarding effects of chronic ingestion of caffeine on skeletal muscle function or endurance capacity.
Murase et al. [89] have shown in mice that 8 to 10 weeks ingestion of green tea extract, containing concentrated levels of various catechin molecules, increased endurance exercise performance when combined with exercise training. However, they did not report whether green tea extract alone enhanced endurance. Green tea catechins can activate AMPK in non-muscle cells [90, 91] , suggesting a mechanism similar to other AMPK activators such as AICAR [55] and resveratrol [50] . However, Murase et al. [89] suggest that the actions of green tea extract in skeletal muscle are independent of PPARα/δ signalling, which contrasts with the purported mechanism of AICAR treatment [55] . Green tea extract/catechin ingestion could therefore be part of a potential exercise mimetic strategy; however, more work is required to determine the signalling mechanisms responsible, as well as whether green tea extract/catechin can act alone or only in concert with training.
Various antioxidant molecules and other essential nutrients are consumed as dietary supplements, for presumed health benefits, although most are unsubstantiated by clinical trial evidence. Given that many are structural analogues of resveratrol or catechins, many other molecules might be able to enhance exercise capacity when ingested chronically in large doses. Thus far, only ascorbic acid/ vitamin C has been tested in appropriately controlled studies and was found to impair adaptation to training in rodents and humans [92] .
Myokines are a class of proteins produced and secreted by skeletal muscle. To date the only myokine yet to be clearly classified is interleukin-6, with limited evidence perhaps implicating interleukin-15 [37] . While there is no evidence that these or molecules with similar characteristics might improve exercise capacity, clear metabolic benefits have been identified that suggest molecules secreted by contracting skeletal muscle might be advantageous for skeletal muscle metabolic function and therefore harnessed for therapeutic use [93] .
Finally, it is worth considering that drugs used illegally as performance enhancing agents in sport might have the potential to combat obesity and metabolic disease. When properly controlled, such agents could be applied to accelerate exercise adaptation and reduce the barriers to exercise in patients incapable of exercise. This and the development of new compounds that enhance skeletal muscle and other important metabolic organ function are likely to be productive avenues for future anti-obesity therapies.
Mimicking endurance exercise: the down-side Mimicking activation of exercise signalling pathways could result in a chronic catabolic state. For example, activation of AMPK could inhibit protein synthesis [94] and stimulate autophagy [95] . Also, while augmenting oxidative capacity in mice, skeletal muscle overproduction of PGC-1α resulted in severe muscle atrophy as the mice aged [96] . These effects would clearly be detrimental, especially for ageing patients. Potential therapeutics would need to strike an optimum balance between continuous compared with transient activation. Such negative actions suggest that exercise mimetics would be indicated as a short-term or adjunct treatment to evoke a negative energy balance and attainment of the desired target weight, which could then be maintained through lifestyle measures. Finally, the protective effects of SRT1720 treatment have been linked to modulation of brown adipose tissue function [76] . Since there is little evidence that exercise training impacts significantly on brown adipose tissue function, any treatment acting via this mechanism would not strictly be classified as an 'exercise mimetic'.
Mimicking exercise: an impossible task?
Intense, prolonged exercise bouts induce significant stress on various organ systems, most particularly, skeletal muscle. With a >15-fold increase in whole body oxygen consumption when transitioning from complete rest to intense dynamic exercise, it is no surprise that numerous biochemical signalling pathways are activated in multiple tissues. Importantly training has multiple health benefits that do not, at least directly or entirely, relate to this elevation in energy expenditure. First, many cardiovascular adaptations including blood pressure reduction and enhanced lipid profile are at least in part unrelated to muscle-specific adaptation [20, 97] . Additionally, other health benefits attributed to regular exercise include amelioration of: dementia and other neurological disorders, osteoarthritis, chronic obstructive pulmonary disease, osteoporosis, fall-related injuries, depression, certain cancers and forms of cardiovascular disease [2, 98] . Obviously, no single pharmaceutical agent could mimic this response. Furthermore, single agents, conditions or therapies that primarily target an increase in energy expenditure (e.g. hyperthyroidism, adrenergic receptor agonists or mitochondrial uncouplers) have consistently resulted in adverse side effects that render them unsuitable for therapeutic use. A polypill containing a number of agents aimed at selected targets is another possibility, but is likely to be associated with multiple unwanted effects and to be of questionable efficacy. It seems more likely that further understanding of the molecular pathways activated by exercise in various organ systems will yield tissue-specific targets enabling limited aspects of the exercise response to be mimicked. In this regard, the exercise-trained state may not necessarily be the goal; instead the focus should be simply on increasing whole body energy expenditure rather than a true exerciselike response. The term 'exercise mimetic' is thus quite generic and more descriptive terms should be applied to individual agents mimicking specific and limited aspects of the exercise response.
The future
Lifestyle modification, including reduced energy intake and elevated energy expenditure through physical activity, remains the most important approach to combat the current obesity epidemic on a population level. A focus on developing healthy lifestyle habits in childhood and maintaining these throughout life is particularly critical. There are, however, subpopulations, including the morbidly obese, who are unable to exercise and will require more aggressive interventions. An understanding of the signalling pathways activated by exercise in metabolically relevant tissue has already proven to be a productive avenue for identifying drug targets to combat obesity. While no single agent will ever mimic the broad range of exercise-related health benefits [22, [98] [99] [100] , targeting of specific aspects of the exercise response is likely to yield health benefits. In light of this, use of the term 'exercise mimetic' is probably not appropriate; rather, a term that better reflects the specific aspect of exercise being targeted may achieve better acceptance. This area is still embryonic in terms of clinical development, and while targets have been identified, many challenges lie ahead with respect to development of formulations with appropriate pharmacological properties for chronic use with minimal side effects. 
